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SUMMARY

The Purrose of this experiment was to measure the scalins with
distance of the trancverse mode stimulation in the free electron laser
exreriment at LURE in Orcay. These experiments were performed, and the
analysis hae revealed that the rhenomenon cscalec ae predicted by the
¢m311 sianal theory. A new effect was observed with a multirle mode
inrut laser rrobhe; the theorv tv describe this effect was develored. In
Further analveic of data taken Previously, we were also able to
demonstrate the scalina of the transvercse courlina terms in the sain as

a8 function of the electron beam size and the reconance parameter.

Dur main conclusion from thic work is that the size of the
off-diazonal terms in the transverce sain matrix i€ of the order of
unity if the electron bheam and the laser beam cizec are comeparable.
Since this situzation ic likely to hold for all FEL devires: transverse
effects cannot in gseneral be nealected. To date: these effects have not
shown up due to the low sain of the oscillators which have been
orerated. For devices with a sain of the order of unity or hisher:
diffractive offeects wil) stron3ly modify the laser mode. Prosrams
develorinag FELs in the hizh =zain rezaime chould he aware of thic fact,
and budeset the research time to inwectji=zate the implications to their

particular configuration.

This experiment is the first carpable of resolving an excitation of
the higher order transwerse modes in a free electron laser, and has
eztablished the exigtence of off-diasonal terms in the trancsverse zain
matrix. The techniaue we have develored is the only diasnostic of the
transverce mode mixing effect which can diasnose its rPresence in devices

with ortical! =z=ain below aprpPraoximately 100% per rass.
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INTRODUCTION

%

q The purrose of this experiment was to obtain some additional
’5Q information on the rhenomenon of mode mixine in the FEL: recently
é@ discovered at Orsayv [Appendix IJ. N sinsle transverce mode laser
Tg;t beam is obseruved to Produce stimulated emission into a series of
AT

hisher order modecs. We have develored a techniaue which enables us

to measure this effect. In this work: we have obtained a new set

iy s
141‘
s .o

Q,J of data and have been able to show both aualitative and quantitave
v

: asreement with the theoryv [Aprendix II1].

PN

M
o
% l‘ « .
k> X Transverse mode mixing is important to the operation of FEL
g‘\

A
%* hiah =2ain oscillatore and amrlifiere, For low sain sv¥stems, the
% vectar of mode amrlitudes and phasec i€ little chansed in one
g} Pass:, and the pPower, which ic aQuadratic in the amperlitudes, only
Wi inoreases noticeably in the modes porPulated by the ineut beam.
;;' Ocscillatorz orerated in this resime will show no effects from mode
™
At
1\: mixins. At moderate values of aain: the rotation of the inPut mode
Y 3

e vector can be substantial, resulting in multieple mode output
ﬁ*ﬁ resardless of the inerut mode. StorAaze rins lasers are expected to
§ ;\;“
ﬁ%& orerate in this reaime. If the zain i¢ sufficiently larze: the
B
F\ prorasating ligsht wave can be veryv stronaly modified. In this
——
%&; reajme, & =rowina field distribution can be maintained
WY
ﬁfz which is substantially better fFocussed than the lowest order
‘L"’f
o Gaussian mode of free espace. Thig cituation is likelr to be

ATR AR S r-r o TTmITIe TS o ‘
rresent in the amelifier. T o

s

| ST
: Chiet, Tecanlond taformstion bivisten

T A At
O

- - .- c - . » . . = PO PRI IR PN SN IO PR B IO 1_~..~.-
PP TN (i ,._(- ACRCELLY n"\\\.‘..-,‘d_. SR S S S PR N Sy A ey

NI




The presence of crose terms in the transuerse sain matrix was
first ohserved exrPerimentally a vear aso (Arrendix 11. A basic
theory was derived, and arplied to the conditiones of the
measurement system. This theorr revealed scalins relations
which had not heen investisated in the orizsinal experiments. In this
work, the expcriments were extended with additional eauipment to
enable us to Probe the escalina as a function of the analvzins
arerture displacement: and the older data was invectisated to
check the scalina with the resonance parameter and the electron
beam size. The theorr was altco extended analvtically to cover the
case of an arbitrarv combination of modes in the inPput beam. The
results show clearly that the =zeneral theory is correct in the
small sisnal rezime. In the larse sianal reaion: where the
arrlication of the theory is still incomrplete: the experimental
mothod we have develored may Prouve useful ac a tool to :dentify

the effectes of the mode mixina.




RESCRIPTIOM OF THE EMPERIMENMT

The transuverse mode content of the ortical field prorpasatins
throush the FEL c¢an he conwveniently thousht of acs a vector whose
elements are the amplitudes and phases of the modes. As the beam
Propazates throush Free sprace: the rhases evolue in a fashion
characteristic of each mode, but the amplitudecs remain constant
(in the absence of losses). The amplifier contributecs an
additional vector of vcomplex Field amplitudes which describes the
stimulated radiation, and which i€ in seneral not a simrle
multirple of the inPut vector. The field vector at the outrut of
the FEL amplifjer i€ the sum of the inrPut vector pProrasated to the
outPul and the stimulated emicseion vector. The masnitude sauared
of the output vector will be )araer than that of the inpPut bv a
factor which i the net amplification, and the vector will be
rotated in the multi-dimensional mode sPace. If the sain is larse
and mode mixina occurs, the outPut ¥jeld vector will be stronalvr
rotated. Under thece circumstances: the Jaser can be exprected to
run multi-mode: and a self-consistent calculation of the field
diztyribution must he rerformed to identify the steady state field
vector and the gain it experiencecs. In a low 2ain oscillator;,
however, the same level of mode mixins will produce no offects

becaucse the rotation of the vector is ne=lisible.

The aain of the Orsay FEL is ver» low, on the order of 10°-3.

Even thouzh the conditions for mode mixins are pPrecsent (the
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¢ dimencions of laser and electron beam are comparable), the

-

roLation of the field vector is minuscule. e could be expected

X under these conditions, the oscillator produced a nearly pure
(
- TEMoo Gauscian mode [1]. (Even the Stanfard oscillator which has a
; sain of about 10% [2] Pproduces & Gaussian mode [33). The newer FEL
;é systems now under construction at Stanford, Orsay: and elsewhere
o
K are proJected to have saine rangina up to a factor of ten Per
X
. Pass. The mixing phenomena of thé trancverse modes will play an
!
:J imrortant role in the oprperation of these new devwices. Our
§ techniaue rermits us to obserue the three dimensional
1; amplification Process even in devices where the zain is €0 Jow
'¥ that no effects can he ohserved in the modes of the oscillator.
)
bA
A B means of an adjucstable arerture placed in the amplificed
g beam, we hawune heen able to measure the eoxcitation of hisher order
%]

trransverse modes induced by the nonuniform trancverse pProfile of
the electron heam. This information is mapped into the spatial
distribution of the electric Ffield at the analvzins arerture., The

ratio of the transmitted stimulated Power to the transmitted pPower

of the external laser ic meacsured as a function of the arerture

T
LX)

y diameter. The functional dependence of the ratio on the aperture
1 4 diameter is a diasnostic an the transverse mode mixina which has
- oceurred durina the amplification process.

1
A
A

§

;z The arrparatus we used is escentially identical to that
- reported in the orizinal aain meacsuremente [4-~7). A charred

H
]

1

s external arson laser is focussed coaxially onto the electron beam
:'é
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in the ortical klystron where it is amplified by the FEL
interaction. The outirut beam is rasced throush an addiustible
arerture, filtered in a monochrometer, and detected in a resonant
detector, The amplificed power ic extracted in a double
demodulation scheme: a 13 Mhz lock—in detects the sum of the
spontaneous and the stimulated Power, and a subsedquent locKk-in
orerating at the freauency of the chorrer extracts a sianal

Proportional to the stimulated pPower at the detector,

In this experiment, the undulator sar is scanned to set a
maximum of the ortical Klvstron sain spectrum [7] at the laser
wavelenath. Alianment is performed, and the rowers of the
transmitted laser and of the stimulated emiscion are meacsured in
serarate channels and recorded for about 100 seconds. The laser is
than blocked in order %o Permit a measurement of the noise
backaround; the arPerture diameter is readjusted and realianed (if
necessarv): and the two Power meacsurements are repeated. In the
absence of cross terme in the 3ain matrix, the ratio of the two
channels is independent of the aperture diameter. Excitation of
hi::her ovder modes is sianaled by a deviation of this ratio fraom
unity. The detection svetem wacs checked for srPurious sources which
misht mimic this sianal; anv deviation from linearity or rosition
zeneitivity of the detector was verified to be small compared to

the observed sisnal.

The interrretation of the recsults demands an accurate

knowledae of the electron and ortical beam €izeec. Those wWere
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. measured with the aid of a Reticon diode array of 25 micron
\ sracing, and the digitizina oscillocscore. The share and the full
»
S, . . .
‘u? width at half maximum of the inrut laser mode wac recorded at fFiuve
Ny
-
‘:ﬂ Ppositions about the focus, both in the vertical and the horizontal
] dimensions. Unfortunately, the Araon laser rrovided by Stanford
)
‘u
ﬁj for thi= work is now aseins noticeably, and it was impossible to
o-“‘
4
6; obtain gsinale transverce mode orevration. In order to csee the
' effects of the multirle mode inPut, a seneral reformulation of the
Wi
[}
4
;S theory wacs done, including an arbitrary number of modes in the
)
353 inPut beam (see Arprendix II, eauations ¢1-10))., From thiec
ke analrsis, it Tollows that an analrtic comparison with the theorv
b ¢
A R . .
! would reqauire a kKnowledse of the amplitudes and the relative
E P
¢
é& phages of all the modes present in the inPut beam, an imroscible
ik
. task with the availahle instrumentation. On the other hand,
8
;{ qualitative compParison with the theorr =till reveals the rPrecence
L%
<oy
iﬂ of several important trends in the data, ac we cshall cee below.

) The electron beam size is measured with the aid of the

% s nchrotron radiation emitted from the beam in the dirole masnet
Ji in front of the orPtical Klvstron. The vertical and the horizontal
V’ beam sharee are tyricallv obeevued to be Gaussian, Wwith a width

which varies according to the current in the rins. Thece

¢

= dimensions also changae with the tunes of the rins, €0 separate
b
zq electron heam measurements are reauired on each indection durins
0
3 ]
ko the exmeriment.
€ W
L=
a' L X R .
NN Due to a technical pProblem with the extraction mirror, the
~
R

o
4
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exPeriments were performed thics time with the rrobe laser beam
exiting the vwacuum svetem throush the rear oscillatoy mirror, The
transmission of this mirror: 32 hi=sh reflector at G328 A, is about
80% at the Arson 5145 A wavelength. It acts as a defocussine lens
with 2 focal lensth of about -5.2 m. These exreriments also had to
be Performed at !ow onoersr (1RE Mel) in ovrder to aveoid damasgsing
[8] the o0sci1llator mirrors with the UV generated in the optical
klvztyron. This produced a comewhat lower sianal-to-noise ratio

than 1n the pPrevious work.
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GRIERVATION OF HIGHER ORDER MODE GEMERATION

As reported in ArpPendix I, we completed a set of
measurements of the sain x¢ a function of the irie arerture for
two distances of the arerture from the optical kKlvstron! one ac
tloce 3s pnezible (2.9 m) and the other essentially at infinity
(14.2 m). These meacurements show the ewolution of the phascs of
the individual components predicted in Arrendi: I. Meacured near
the Klvstron ‘Fizure 7 o Appendi: II). the Phases have shifted
little from their values in the interaction resion. Meacsured at
infinitr (Fizure 2 of Arrendi: II). the Phases have attained their
matinmum value, derressing the =2ain meacsured at the center of the
beam relative to that of the near zone measurement. The recultes

n-hahit the qualitative behavior expecterd from the theorvy,

Qur Jdata analvcis proaram also addressed the data from the
earlier experiments of a vear aso. Buantitative asreement has now
been cshown t_tween the predictions of the theorv and the reculte
o’ the #arljer zinsle mode expPeriments. An examination of fisure 4
of Appendix Il confirms herond a doubt that the low field theovr:

i understood.

The theor: also predicts that the gain matrix chould be
ezsentially indercendent of the reconance pParametcer. We were able

to take advantase of the optical klystron’s unigque spectral shape

1o verify the zcalinz of the mode mixing as a function of the




mixanetic gsap. Ficure 8 of Arpendiy II ehowws three scans takKen at
darFferent valuee of the roceonance parameter and superimposed.
These three cscanes correspond to zain and abcorption Peake Four

Elvetron frin2ees awav from resonance. The» asree within the

exrerimental errors.

Figuresz T and 8 demonstrate the cscalina of the effect as a
function of the electron beam <ize. These fi=ures: taken with both
€ingle and multirle mode inrute, cshow unmicstakeahly that larger
electron beams show less evcitation of the hizher order transverce
modes. This tyend is expPected because in the limit of a larse
electron beam, the zain medium cxactly reproduces the inrput mode

combination zo that no arerture derendence will he observed.

This arrar of data completes, in our wview, the verification
of the €mal! =zienal! theorr of trancuerce mode stimulation. In
future srstems which orPerate with hish sain or in the caturated
rcaime: one can anticirate that novel effects (such as "sain
focucszing") will aprear. e can now arrroach those csyctems with
the ascsurance that the fundamental ecaquations are well known

and verified.
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Abstract. We derive the most general equations of motion for the electrons and the
electromagnetic field in a free-electron laser including the effects of diffraction and pulse
propagation. The field evolution is expressed in terms of the amplitudes and phases of a
complete set of transverse modes. The analytic solution is given in the small-signal regime,
where the theory is shown to be in excellent agreement with a recent experiment at Orsay.

PACS: 42.60, 42.20, 42.55

Stimulated by the original free-electron-laser experi-
ments [1] in 1977, a number of authors have contri-
buted to the development of a purely classical theory
for the electron dynamics and the electromagnetic
wave growth in these devices. The initial work as-
sumed the light could be represented by a single-
frequency plane wave [2, 3]. The first generalization
was required to explain the extremely short pulse
phenomena observed at Stanford [4, 5]. The inclusion
of the longitudinal modes in the theory [6-8] per-
mitted the explanation of the cavity detuning curve,
and predicted a range of phenomena in the pulse
structure which have yet to be observed. More re-
cently, the theory has been broadened to include the
transverse-mode structure of the optical beam [9-15].
Until our work at Orsay [16], no experimental infor-
mation has been available to test the validity of these
so-called 3D theories.

In this paper, we present a new approach to calculating
the three-dimensional effects operative in free-clectron
lasers. The previously mentioned approaches consider
the growth of the field &(r, 1) along the propagation or
z axis by evaluating its change at each point (x, y), and
integrating numerically through the interaction region
in the time domain [9-14] or in the frequency domain
{15]. These techniques all demand long computer runs
if they are to be applied to a real experimental
situation, Our approach decomposes the problem into

N~ -

A -""'.’"-‘ o

- - -t .
o w, . DR L N - . - . -
LIS P Y Tl ey e e e’

the minimum number of physically observable quan-
tities : the transverse optical modes of the system. The
field evolution is expressed in terms of a cousplete set of
orthogonal transverse modes : equations are developed
for the propagation of the amplitude and phase of each
mode. In physical systems which operate on a few of
the lowest-order modes. this approach greatly in-
creases the accuracy, and may reduce the required
computer time for the calculation by working in a
vector space well matched to the solution of the
problem. For the oscillator case, the appropriate
choice of modes is the set of eigenmodes of the cavity.
For the amplifier, the vector space of modes is de-
termined by the characteristics of the input mode,
which is presumably a TEM,, Gaussian mode. In
either device, an optimum design would result in the
excitation of as few of the higher-order modes as
possible. The modal decomposition method is there-
fore well adapted to the prediction and optimization of
the operation of the free-electron laser (FEL).

In the first section, we derive, in their most general
form, the equations governing the dynamics of the
complex mode amplitudes. The subsequent sections
reduce these equations to the familiar case of the small
signal, low-gain result (Sect. 2). Here, the problem
becomes linear, the mode evolution can be described
by a matrix transformation, and we retricve the well
known gain equation complete with filling factor. The
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theory is then applied to the case of the Orsay experi-
ment, where the results are in excellent agreement with
an experiment [16] performed recently which exhibits
the off-diagonal terms of the gain matrix.

1. Theoretical Development
of the Fundamental Equations

The FEL system is properly described by the coupled
Maxwell and Lorentz force equations. From these, we
shall derive a self-consistent set of equations describing
the electron and the transverse optical mode dynamics.
We use the dimensionless notation originally deve-
loped by Colson (in fact this work is a generalization of
Colson's work to include transverse modes and we
shall stay as close as possible to his original notation).
Let us recall his main equations describing the field
and electron dynamics in the slowly varying phase and
amplitude approximation [18]:

dv .
il cos({ +¢), (1
df
E =V, (2)
da .
—_— ~ig
= KO (3)
where
() =(k+kg)z(t)— ot (4)
is the dimensionless electron phase,
W)= L(k+ko) Bt)—k] ()
the dimensionless resonance parameter,

ct
=T (6)

the dimensionless interaction time,

_ 4neNLKE(:, r)efet=n

@z y2mc? @
the dimensionless complex field amplitude, and

, 8n2e?NL*K2g(=(t)
riz(n)= ®)

v3me?
the dimensionless gain parameter.

Here we consider an N-period helical undulator of
length L, magnetic period 4,=27'k,. peak magnetic
field B, and deflection parameter K=9348
[Gauss] 2, [cm]. An electron beam of energy ;mc?,
and number density ¢ travels along the axis of the
undulator; an individual electron has longitudinal
coordinate z(t) and longitudinal velocity ¢f_(¢) at time

A A AN AL AT et e Ve T e e T
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t. A heheally polanzed plane ware of wavelength
A=2r k. frequency o, and electric field &(z.n = E(z.1)
explikz — ot +diz )]} interacts with the electrons. In
(3% (.., 15 the average over the imual phase J,, and
resonance parameter v, of the electron population at
the position =.

Equations (1. 2) are derived directly from the Lorentz
force equation and describe the effect of the radiation
field on the electrons. The work done by the longitu-
dinal field on the electrons is neglected here, which is a
good approximation provided that the modes are not
too divergent [14] A/w, <2n*KN/y. Equation (3) is
derived from the Maxwell equations and describes the
effect of the electron on the radiation field. The set (1),
(2), and (3) is self-consistent. Indeed, those equations
are very close to being the most general classical
equations describing the FEL dynamics. They apply to
high and low gain devices (r'>1 or r' <1), high field
and low field cases (a'>1 or a' < 1), and include the
effects of multiple longitudinal modes (laser lethargy
effects) through the 2 dependence of r, E, and ¢. Slight
modifications allow their extension to the cases of:

— the planar undulator [19].

— the tapered undulator [18].

- the optical klystron [14], and

— space charge effects [19].

However. the plane-wave approximation cannot ac-
curately describe the transverse effects produced by the
finite transverse extent of the optical mode and the
electron beam. A filling factor calculated with an
ad-hoc overlap integral can be added to the results of
this calculation, and gives satisfactory results in the
small signal regime only so long as one is not interested
in the exact transverse field profile.

To relieve this last restriction on the theory, we assume
the field to be described in free space by the paraxial
wave equation [20]:

A2 A2 A
(—C—z + 0—2 -2ik ‘—) E(r.n)el*""=0. 9
cx? o Cy ¢z

This equation is derived from the wave equation
(V3—c72¢%/¢1*)6 =0 in the slowly varying amplitude
and phase approximation, and has been widely used in
laser field calculations { 17, 20]. The general solution of
{(9) can be expressed as a linear combination of a
complete set of orthogonal modes. If we define these
modes by the complex amplitude E, expliy,). where
E, isreal and mis the generalized index of the mode (in
the two-dimensional transverse space we consider, m
represents two integer numbers), the most general
expression for the ficld is

E(r.ne®"" =Y ¢ (NE (re'v =", (10)

where ¢, is complex and time-independent in free
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space. The orthogonality relation reads

dxdy o
". X ;‘ E,,,C""“Ene_wuz‘)mn' (1
g

where we have chosen a convenient normalization
which makes the E,, dimensionless. The modes can be
chosen in a variety of symmetries, but it is useful to
exhibit their specific form in cylindrical symmetry:

E.1)= 21+ 2p) u_'o(_r__)‘{coslf?}
wlf ‘I/ P+ D (1435 w(=) \wi3)] \sinlo

Ll 2)‘2 ~r2wl(z) )
Ly ) e (12)

rZ
2R(2)
where r is the radial and 8 is the azimuthal coordinate,

wo is the beam waist, L(2r?/w?) is the associated
Laguerre polynomial, and

wlr)= —-@p+l+1tan~ ! —, 13

N
© I”

-2
Wi =w3(1+5) (14)
-2 °
R(:)=:(1+:—‘;). (15)
Zo= ’%‘l (16)

These modes are very useful for the case of a cylindri-
cal electron beam aligned to the axis of the light beam.
For an ellipsoidal electron beam profile. or off-axis
electron injection. the rectangular eigenmodes are
more appropriate. Although we will use the cylindrical
modes in the examples, we proceed with the general
theoretical development which makes no assumptions
on the specific form of the modes.

In FEL, the coefficients in (10) become time dependent.
We wish to calculate the evolution of the amplitude
and phase of these mode coefficients. Proceeding
through the derivation of (1-3), making only the slowly
varying amplitude and phase approximation, but now
using (10) and (11), we find

a ’
o = L1, E,cos( + v, +6,), (17)
¢
= v, (18)
¢ xdy . .
(f’... - _ j-dY 2} I'E,,,e-w"<e_h>:om' (19)
O, nwg
where we have made the new definitions
dneNLK
a, ()= ————c,l(z.1) (20)
!
Snle’NLK?
Hr=s =225 o, (1)
1 ot
Culzit) =]c (2. 1) e omtatt (22)
2T N T ‘f‘ ¢Y . “‘ v L) WA I'...,‘-‘ "-‘-."’ -"\' e ‘.

1

As before, (17) and (18) describe the effect of the
radiation field on the electrons, and (19) describes the
growth or decay of the radiation field due to 1ts
interaction with the electrons. The change in (17) is
quite straightforward. Equation (19) shows clearly the
fact that the growth in the m™ mode amplitude and
phase is given by the operlap integral of the inphase
and out-of-phase components of the charge density
with the complex conjugate of that mode, as one would
expect. We note that the only assumptions made on
the modes E,_ exp(iy,) used in (17-19) are orthogo-
nality and completeness. This means these equations
are also valid for the cases of waveguide modes and
dielectrically loaded cavities. In this case, w, is no
longer the mode waist in the usual Gaussian sense, but
is defined by (11). As before, these equations are self-
consistent. An example of this fact ts (. : energy
conservation equation

d . cdxdy [év ,
s Zla =200 (5) 2
which is derived from (17) and (19). The left-hand side
of (23), the total energy gained by all the modes. is
equal to the energy loss integrated over all of the
electrons in the beam.

Equations (17-19) retain all of the generality of (1-3).
They are valid for high and low fields, and high and
low gain systems. They take into account the evolution
of the transverse modes explicitly, and the evolution of
the longitudinal modes implicitly. by keeping track of
the 2 dependence of the charge density r(r, 1) and of the
mode amplitudes a(z, r). For simplicity in the following
development, we drop the explicit 2 dependence which
has been thoroughly discussed by Colson 18], and
concentrate on the transverse phenomena.

As discussed in [19], the generalization to the case of
the planar undulator is no more than a change in the
definition of the two parameters

. 2neNLK[JJ
gin = 2ZeNLKLITY ) (24)
7ime?
 anleNLIK? 2
pin _ dn7€ f‘ I\’ (JJ] olr. 1), (25)
yime?
where
_ KZ ) K.‘ .
N s R Py B

Equations (17-19) can be integrated numerically to
find the evolution of the optical wave in any Compton
regime FEL. In a high-field experiment, (18) and (1Y)
are nonlinear in «. and the wave evolution can only be
obtained numerically. In this case, (17-19) provide a
precise and efficient technique for solving the general
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problem. In a low-field situation such as we find at
Orsay, however, the problem becomes linear, and can
be solved analytically, We proceed with the low field
case in the next section.

2. The Low-Field Solution

The low-field case is defined by [a,| <1 for every mode.
In other words, the electrons do not become over-
bunched. Experiments which operate in this domain
include the low-field amplifier experiments, and sto-
rage ring FEL oscillators which saturate by mecha-
nisms other than overbunching. The ignition of any
FEL oscillator also occurs in this domain.

2.1. The Gain Matrix

Equations (17-19) can be solved by integrating (17)
and (18) to lowest order in the fields a,, and inserting
the result for { into (19). If the electrons are uniformly
distributed initially in phase, we find

a t
a"'(r) J- j.dt"/\lmn(r T”)(l"(r ) (27)
ot °
where
i cdxdy
M, (t.1)= %f '-7'!% Hx,y) E, (%, ¥, 1) E,(x. . T")

e~ illvmix,y, 0} = yalx, 5. r">)l<e ~ivolr= r")> (28)
vy

-

Equation (27) describes a linear evolution of the mode
amplitudes, and upon integration. gives the relation

dp(t=1)=(1 + G)putin(t =0), (29)

where [ is the identity matrix. and G. which is generally
not Hermitian, has elements

1 t 1
Imn = .‘- dt .‘. dr’ I dt"‘w’""(r’ T”)
o 0 o

1 4] [ $]
+ jdt, jdry dry M, (t,.1y)
o ‘o

€3 ta

Idt4 _[ dtg j dt M, (T5.T)+ .. (30

The higher-order terms in g, are proportional to r*
and higher powers of r, and are negligible in the low
gain case.

Evidently this matrix is of great interest since multiple
passes of the electron beam will result in muliple
products of this matrix, greatly simplifving the calcu-
lation of the modcs' growth. We shall discuss the
consequences for an oscillation experiment in
Sect, 2.2.

T s ¥,
- ‘—.'—v.'T‘q'\'- v ‘.I‘f, '.“'- . .
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Let us note that this gain mateix is generally complex
and defines the growth of the amplitude of the field.
Sometimes people speak of the gun tn a mode “m™ as
the energy gained by this mode 1 a pass lhmuuh the
undulator. This gain s simply 2Re {pmt + 1dmi=. OF
course, one must keep in mind that energy is radiated
into other modes, and that cross terms will mix a
multiple mode input. If the input beam s truly mo-
nomode, the power radiated into the ' mode 1. lower
than that into the m™ mode by the ratio
19,..1°/2 Redg,,,,} which is small for low gain (r<1)
systems. It is only in this case that it makes sense to
speak of the gain of a mode. In high-gain systems,
however. the off-diagonal terms can lead to substantial
emission of energy into the higher-order transverse
modes. If the input beam is multimode, of course,
mode mixing occurs at all power levels.

Let us calculate g,,, in the simple case of experimental
interest where the electron beam is cylindrical, and a
good choice of modes is the cylindrical cavity cigen-
modes (12) and (13). We restrict ourselves to the
weakly diverging case nw2» 4L where the gain takes
on its most familiar form. The mode amplitudes and
phases in (28) become independent of 7, and we can
integrate the first term in (30) to find the gain. The
average over the resonance parameter in (28) becomes.
under the assumption of a Gaussian distribution of
centroid v, and deviation o,

——1 aitr -y

(T, e 2 30

Under the weak-divergence approximation, and as-
suming negligible pulse slippage effects (long electron
bunch length ¢,> N4), the only time-dependence in
(28) is that of (31). For small spread o, < [ the integral
gives the well known gain spectrum

dxdy N
_— l )'(.\',_\‘) E,,,(-\'- ,1') E,,(-\" v)e iemiX, 5) eivntx. 5

Wy

voo v g
I—cosy — sinwy, - ;‘ -—-COS\ S+sinv,

2 it

v
(32)

In the usual experimental case (unfortunately), |g, | <1
and the energy gain G on the mode m becomes

v
[ —cosr —~ Ssinv

5 . . cdxdy I <2 ¢
m= - Re Womt = _‘ =2rk, | — ey -

This is exactly the gain one calculates by using the
filling factor obtained by integrating the mode profile
overlap with the gain profile. Specializing to the
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TEM,, case with a Gaussian electron beum of width o,
we find

v
C— Lsinv
I —cosy, — Jsinv,

2 1
Gyo=2r, 3 : {34)
" 4qg?

complete with the familiar filling factor.

The v, dependence of G, is the well known spectral
dependence. The imaginary part of g,,, is not new. It
describes the phase shift of the radiation field as
described by Colson [18]. The inhomogeneous
broadening term in (31) clearly distorts and reduces the
magnitude of the gain spectrum if it is present in the
integral of (30).

The effect of the divergence of the beam on the
diagonal terms in G is. to first order, and for a
filamentary electron beam. the addition of a time-
varying phase which shifts the resonance curve in (32)
by a constant depending on the mode

AL
vc—vvc—m(2p+l+l). (35)
Equation (35) means that the gain curves of the modes
are shifted with respect to each other. This effect has
been calculated for the fundamental TEM,, mode in
the energy loss approximation [{4], and has recently
been observed experimentally at Orsay [21]. It should
be noted that for many practical situations where the
cavity is optimized for gain on the TEM,, mode, this
expression is valid for only the lowest-order mode. The
higher modes become distorted in form as well as
simply shifted in resonance parameter by (35).

2.2. The Low-Field Oscillator

We now discuss some consequence of the linearity of
the low-field problem on the optimization of an optical
cavity for an FEL oscillator experiment. In such an
experiment the light pulses reflect n times on the cavity
mirrors (n22) between interactions with electrons in
the undulator. The matrix governing the mode evolu-
tion from one amplification to the next is

{1+ G)C, (36)

where G in the gain matrix defined previously. and C is
the cavity matrix describing the n reflections on the
mirrors. In a set of cavity eigenmodes, C is diagonal

Cx'=pxi, (37

with c;;=H; =g expliz), where l—-gf are the total
losses on the n reflections. including transmission,
absorption. scattering. and diffraction. If diffrac-
tion is negligible, the cigenvectors ' become the

13

Gaussian TEM  modes, and the phase shift per round
trip x, becomes, for n=2 reflections per amplifica-
tion and identical radius of curvature mirrors,
%, =H2p+1+ Dtan YL, 2z, where L, is the optical
cavity length.

The matrix (36) is the fundamental matrix of the
problem. Its diagonalization allows the calculation of
the mode evolution up to the onset of saturation:

(I+G)C=PaAP™!, (38)
[(I+G)CI"=PA™P!, (39)

where the columns of P are composed of the eigenvec-
tors of (I + G)C, and A is diagonal. The fastest mode
growth will be obtained with the eigenmode having the
highest eigenvalue modulus. Optimization of the FEL
oscillator will then consist of maximizing the desired
eigenvalue of (I + G)C.

If the gain is low {as it is, unfortunately, for our system

on ACO), one can diagonalize the evolution matrix
(36)

UI+G)Cf=iL (40

using the cavity eigenmodes x‘ as the basis for a
perturbation expansion of the new modes ='. To first
order in the non-degenerate case, the result is

/'.jzgjei’f(l-f-gjj). (41)

o 0,e" ,

=x'+ g.m‘gmr\". 42
LETS Cm

Under these conditions, the FEL design is optimized
by maximizing the diagonal term g ; corresponding to
the desired mode. From (33) and (12) it is clear that the
beam size w, must be reduced down to the order of the
electron-beam size in order to optimize the coupling,
but if the mode becomes too divergent, the time
dependent terms in E_ and E, of (28) begin to reduce
the gain. The optimal situation lies between these two
extremes, and has been calculated in detail (using the
energy loss approximation) by Colson and Ellcaume
[14].

The optimization procedure must also be limited by
the stability condition [17] on the cavity. For the
Orsay experiment, the radius of curvature chosen to
optimize the small-signal gain was R=3m, which is
acceptably close to the stability limit of 2.75m. There
are cavity designs in which C is degencrate for which
the optimization procedure is not necessary. For these
designs, %, is a constant independent of the index. In
these cavities, any combination of modes reproduces
itself after n reflections, If n=2 as in the Stanford and
the Orsay experiments, the concentric and the plane-
parallel cavities are degenerate. and the confocal cavity
is degenerate on the p modes tquasi-degenerate). These
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Fig. I. Simplified schematic diagram of the gain-measurement ap-
paratus { 23] showing the argon-laser focussing system. the collimat-
ing iris. and the double demodulation detection system

cavity designs, however, are useless since they stand
critically on the stability boundary. The tolerance on
the mirror radius of curvature is on the order of |g,,
(obtained from the perturbation expansion) which is
difficult to meet if the gain is low. For two-mirror
devices where n>2. such as the Novosibirsk experi-
ment where n=38, in general for mirrors of equal radius
of curvature there exist n;2+1 cavity designs with a
degenerate C matrix:

2= —-—£‘—— (+3)

mn
2tan —
n

and n/2 with a quasi-degenerate C matrix in which the
odd ! modes change sign on every amplification. Only
two of the degenerate and one of the quasi-degencrate
cavities correspond to the unstable cavities: the others
are potentially useable in an experiment. The value of a
degenerate C matrix is that the eigenvectors of the
amplifier plus cavity matrix (36) are equal to those of
the gain matrix alone, multiplied by a constant. This
degeneracy allows the cavity to oscillate on the most
favorable combination of modes which best fits the
clectron beam shape. In this manner. the gain can be
increased by factors of two or three over the gain of an
optimized TEN,,, mode. particularly if the clectron
beam size is smaller than the TEM,,, mode. The
tolerance on the mirror radius for the degeneracy of €
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| GAIN
1.5 — GAIN{(iris open)

Iris digmeter
w(z)

] I I gt
1 2 3 4 17
Fig. 2. The measured gain as a function of the s dumeter [16]
normalized to the measured beam waist at the iris. The solid pomts
were taken closing the inis and the open points while opening 1t. The
error bars are the one sigma stanistical errors. All points have the
same horizontal error bar which is shown for the point at 2.7. The
solid curve is calculated using the measured values for the electron
and laser beam sizes. The effect of cach higher-order mode 1s shown
by the dashed curves

will still be tight. and the experimental utility of these
cavities remains to be tnvestigated.

3. Application to Gain-vs-Aperture Experiment
3.1. Description of the Experiment

The gain of the Orsay FEL has recently been measured
with the optical klystron in place [22] in an amplifier
experiment using an external argon ion laser to pro-
vide the coherent mode. A detailed description of the
apparatus can be found in [23]. and a schematic
description is given in Fig. . The laser beam is anal-
yzed at a distance d from the optical klystron after
passing through an adjustable collimating iris (Fig. 1),
which is centered on the laser mode emerging from the
interaction region. The gain is measured as the ratio of
the power detected in phase with both the electron
repetition frequency and the chopper frequency (the
amplified power) divided by the power in phase with
the chopper alone (the incident laser power).
Calibration is performed as in [23].

The again is recorded as a function of the iris aperture,
and large variations are observed [16]. One set of data
points 15 reproduced in Fig 2. where the gam s
normalized to its value for the iris completely open,
and the iris diameter is normalized to the measured
beam waist at the wis. The data s taken at smaximum
gain. which means v 20 for the optical Myvstron, and
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Fig. 3. Calculated curves for the gain as a function of iris diameter
under the conditions of the Orsay experiment [16]. The electron

beam dimension =0 |/n/iL is varied to show the effects of the
beam size on the excitation of the higher order modes. The value
Z =0.76 corresponds to 0 =0.35 mm which is very close to the value
at which the experimental points were recorded

the laser beam was carefully aligned to within about
0.05 mm of the axis of the electron beam. The change in
the measured gain as the iris is closed means that the
laser is not uniformly amplified in its transverse profile.
In fact, this experiment provides a very seusitive
technique for measuring the power emitted into the
higher-order modes even in the small gain limit and for
a monomode input beam. Clearly a calculation of the
Omn 18 NECESSAry in order to explain these results. In the
next section, we apply the theory we have developed to
the case at hand. and in Sect. 3.3, precise comparison is
made between the experimental and the theoretical
results.

3.2. Multimode Emission in a Single-Mode
Amplifier Experiment

In this subsection. we assume the incident wave is a
single mode TEM,, beam with a weak field (|a,| < 1),
and perfectly aligned onto the electron becam. As
discussed previously, we take the cylindrical eigen-
modes based on the form of the input beam. Using
the notation of Sect. 1, the input laser field reads

E'(r)=cyEy(r)e™v™, (44)

where the subscript 0 refers to the TEM,, modc of (12)
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Fig. 4. Calculated gain as a function of iris diameter for several iris
positions d, under the conditions of the Orsay experiment [16]. The
ratio of the iris to optical klystron distance d divided by the optical
klystron length L is varied through the range 0.5 to x. The
experimental points of Fig. 2 were taken for d/'L =9

and (13). From (29), the output field E*(r) becomes
E=E'+cy Y goE (e . (45)
i=0

Assuming low gain. the output power passing through
the iris aperture is
8nP 2 142
% = (dSIE* ~ i [dSEL + 22 Re
' { )} gjodeEoE,C““““""}‘ (46)
i=0

where [dS covers the iris aperture. The gain is
therefore

2 Re{ Z gjOI‘ISEUEJC'(“‘""":l}
ji=0

G= :
JdSE?

(47

For purely cylindrical [=0 modes. G can be written

12ptan !
»

"
G=2Relgng+ X gt i 1. 48)
P=1 :

0
where z, is the Rayleigh range of the laser mode. = is
the distance between the iris and the laser heam waist.
and X =r§ 2wi(z) where ry is the iris diameter. There
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are two interesting limiting cases:

G=2Re{gyo} X— x (iris open), (49)
G=2Re {(g00)+ Y gt ‘}
p=1
X —-0(iris closed). (50)

It is obvious from (48-50) that the gain changes with
iris diameter in a way which depends on the magni-
tudes of the off-diagonal terms in the gain matrix.
The generalization is straightforward to the case of the
multimode input beam. and to imperfect alignment of
the laser and electron beams, although the calculation
becomes more difficult. This calculation also applies to
high-power input laser beams (a,> 1) provided one
keeps in mind that the g,, are functions of a,.

3.3. Application to the Orsay Experiment

The experimental points shown on Fig. 2 were taken
under the following approximate conditions

laser
beam: - measured beam waist w,=0.67 mm
- wavelength = 5145A
~ measured beam waist at iris w(z)=2.7mm
- distance from optical klystron to iris
d=11.6m,
electron
beam: - Gaussian and cylindrical with
0>=0.32mm,
optical

klystron: - Nd =80 [19, 22, 24]
- resonance parameter corresponding to
maximum gain with iris open.

The solid curve of Fig. 2 has been calculated using (27,
28. and 50) for the planar configuration (24 and 25).
taking into account the 10 lowest order /=0 modes.
The dashed curves of Fig. 2 show the contribution of
each individual mode. These curves are the same
whether an undulator or optical klystron is used. Very
similar curves (not shown) were calculated for other
resonance parameters indicating that as expected. the
diffraction effects do not change much as a function of
detuning parameter for modes with low divergence.
Figure 3 shows the calculated cffect for several dimen-
sionless electron beam transverse  dimensions
Z=|/or/AL =04.0.76. 1.5. 3. where L is the length of
the magnetic interaction region. Z=0.76 corresponds
to the value ¢=0.35mm, close to that used in Fig. 2.
The flattening of the curves as & is increased to ¥ =3 is
due to the vanishing of g,,dop for j+0 as o
increases.

Iy o w w_ ¥
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Figure 4 shows the calculated effect for various iris
distances d from the optical klystron center. normal-
ized to the optical klystron length:d L =0.5.1, 1.8, 2.5,
and c. The experimental points of Fig. 2 were obtain-
ed for d/L=9. The inversion of the effect is due

primarily to the term exp[i2ptan™'(z/z,)] with p=1in

(50) which switches from + 1 to — 1 as - goes from zero
to infinity (the mode p=1 gives the predominant
effect). At short distances the TEM,, mode interferes
constructively on axis 1, and at long distances, it
changes sign.
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ABSTRACT

He report the first measurement of the off-diasonal terms in
the transuerse 231n matriz in a free electron laser. The hiaher
orider trancuerse modes z=timulated in the FEL interaction are shown
to Jdiminizh in amrlitude a3c the electron beam cize is increased,
and to be Jneencitive to the resonance pParameter. Remarkably close
anrecment i demonstrated with the theorr [1]. The effects of a

mitltirle mode inrut heam are also measured; and the theoretical
evpregsion iz dorivaed.
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INTRODUCTION

Begsinninz in 1980 a3 ceries of meacurements have been
porformed o the stimulated amplification of the Orsav storase
rina free electron laser. These measurements uere part of the
csuccessful effort to achieve oscillation usine the ACO storase
rin2 svetem [2:2]1., The ori=inal =2ain expPeriments [4,51 on the
superconducting undulator. and a later zeriec of measurements
£6:7) on the permanent masnet undulator POEL and its opPtical
Elvztron confizuration demonstrated that the amplitude and the
csractrum of the gain could be rcorrectly calculated hr the
clascical inderendent particle theorr [2]. Thece exreriments were
soneitive to the total enerav emitted b¥ the stimulated emizsion
rrocess, and did not rrovide any information on the zpPatial
structure of the amrlification pracescs. In thics Parer we rerort on
an evtension of these measuremente which probes the three

dimencional nature of the interaction.

B+ means of an addjustable aperture eplaced in the amplified
hcam: we have bheen able to measure the excitation of hizher order
trancverse modes induced b¥ the nonuniform transwvercse profile of
the clectron heam. Thiz information is maepred into the cspatial
distribution of the electric field at the analvzine arperture. The

ratio of the tranczmitted stimulated rower to the transmitted power

of the evternal laser 1c measured as a function of the arerture
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diameter., The functionzl dependence of the ratio on the arerture

diameter 12 a diaznocstic on the trancvercse mode mixinz which has

occurred during the amplification pProcess.

If the spati1al diztribution of the stimulated radiatian 1c
idaentical to that of the incident laser, their diffraction
characterictics are identical, and the ratioc of the rPowers
transm:tted throush the aperture will be indeprendent of its
diameter. A derendence will be ceen onlv if the ctimulated
radiation contains a diffoeorent cembination of trancsuerse modes
than the incident radiation. The aperture derendence of this ratio
1c therefore a =zood diaznostic of tyancsverce mode miving in the

laser amrlifier.

In a2 free electron lacser:, the input laser mode is perfectly
rerlicated only under the conditione that the eclectric €ield
strenzath remains below the caturated level: that the electron beam
i uniferm acroscs the optical mode: and that the diversence of the
laser 18 nesliaible in the interaction re=sion. IF the electron
beam dimencicn: are comrarable to those of the optical mode: if
saturation ocecurs, oy if diffraction 12 signiicant: hizher order
modes will be excited. In mozt confizaurations of ePractical

interest: one ar mest of the latter conditions will hold.

The mode content of the optical fiold prorasatinag throush the

FEL «van he conuwenicntl» thousht of ac a3 wuvector whoce elemente are
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the amplitudese and phasec of the modes. A the beam Proepagates

Cal - . -

N throuah free srace: the phases ewolwe in a ¥ashion characteristic

.; o

- of each mode: but the amplitudes remain constant (in the abccnce
of locces!. The amplifier contributes an cdditional vector of complex

L ficld amplitudes which desevribes the ztimulated radiation, and

ey which is in seneral not a zimple multiple of the inPut vector [11].

\ The field vector at the output of the FEL amplifier ie¢ the sum of

o the input wector rProrasated to the nutPut and the stimulated

o emissiaon vector. The magnitude cauared of the outrPut vector will

EN
be larzer than that of the inrut by a factor which is the net

N . .

; amrlification, and the wector wi1ll be rotated 1n the

'3 multi-dimensional mode space, If the 2ain is larzc and mode mixing

{ occurs, the output field vector will be stronsly rotated. Under

o these wirrcumstances: the laser can he expected to run multi-mode.,

-d and a self-consistent calculatrion of the field diztributien must
be pPerformed to identify the steadr state field wector and the

N

h 31n v exreviences. In a low =2ain occecillator. howewer:; the same

~

X louel of mode mivine Will produce no effects becauce the rotation

L]

v of the vector ic ne=aliaible.

. N

e

Al

-

~ The sain of the Creay FEL ie verr low, on the order of 107-3

»

NG (4-71. Even thoush the rconditione for mode mivine are present (the

. dimensions of laser and electron beam are comrarable). the

N vetation of the field vector is minuscule. As could be evrected

‘ under theece conditions: the oscillataer produced a nearl:r pPure

ft- TEMoo Gaucssian mode [3]. (Evwen the Stanford oscillator which has a

Y

\l

-
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cain of about 10% [9] produces a Gaussian mode [10Q0J). The newer
FELL zv=temes now under construction at <Stanford, Orsav. and
tlsewhere are prodected to have zains per Pass ran=ing above
unitry. The miving rhenomena of the trancverse modes will

Pplar an imrortant role in the ofFeration of these new devices. Qur
melsurement technlque rermitse us to obtain some information on the
three dimensieonal amelification problem even in devices where the
z2ain is s0 low that no effects can he obcerved in the modes of the

oscgillator.

Two series of experiments have been performed:- both with the
undulator HIEL modified into the ortical kKl stron confisuration
[71. The first series of exreriments (which we will identif» =c
cevyiee Iy seruved to identifry the phenomenon: and stimulated our
theoretical effort [11 on the Prohlem. A second seriec (series II}
yaz planned in order tc extend the comparicon between theorv and
ezperiment by chansina the placement of the analrzing arerture. We

rerort here on the recsultz of theze two exrPeriments.




L E¥PERIMENTAL METHOD

The arparatus we uced was escentially identical to that reported

e in the orizinal =ain me3zsurements [(4-71. Thoce unfamiliar with the
L )

-

< ‘ . . .

}2 details of the setup chould refer to the schematic dizaaram in (4]
XN
. alone with the ascociated deccription of the experiment and the
o
f:: calibration proceedure. N chopred external ar=on lacer is
]
o ’¢ k3
‘ﬁg focussed coaxiallvy onto the electron beam in the ortical klvstron
N
N vhere it iz amplified by the FELL interaction. The outPut beam is
*h

4 rassed throush an adjucstible arPerture: Filtered in a
A" ]

‘g monarchromator: and detected in 3 resonant detector. The amplified
i

3
. Power if extracted in 3 double demodulation scheme. 23 12 Mhz

! .
o lock-~in dcotects the cum of the srpontaneous and the stimulated
o
iﬁ Pouey: and a subsequent lock-in operatine at the frequency of the
‘l

chopror extracts a sianal prorortional to the stimulated rPower at

the detector.

B In thic experiment, the undulator cap is scanned to

et a
AN
'q maximum of the ortical kKlvetron =z=ain srectrum [7] at the laser
'3; yavelenath. Alignment ieg performed byv ortimizinz the amplitude of
]
T the ctimulated Power when adiusting the transwercse anales and
2
O rrocitione of the clectron heam. A half-wave rlate in the laser
..~
) . ; i
E} inewt beam 1s also ad.iusted to encure that the polarization of the
[\

inpPut mode 1s parallel to that of the undulator cmiccion.
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(: One apalvzins arerture was set up as close 3¢ Pocscsible to the
A ) . .
v interaction reginn: Just outzide the evit window at a distance of
288 em from the center of the ortical Klvstron. This unit was a
cat of fived apevitures of diametare .T: 1.0:. 1.5, 2.0:. and 2.5 mm,
S mounted on a rotatine exchanzer block. The celected arerture could
e be rotated into ponsition and alisned precisely in the rlane
1
N trancverce to the laczer, Before each measurement with this zet of
)
3 . . . .
§¢v Aarertures: aliznment wac established by recenterina the diffracted
3
S . . R -
beam onto the origsinal axis. A second arerture was plzaced far from
Al the interaction re=ion at a distance of 14.7 m. Since the lacser
)\‘.
AN heam wae lar=zer here: a minimum arerture of 2 mm was sufficient,
i
]
?: and an adiustable irie wac used: eliminating the need for
N realianment on each chanee in diameter. The rowers of the
-\
NS . . , .
;q transmitted laseor and of the stimulated omicssion were measured in
2
:g separate channele and recorded for about 100 ceconde. The lacser
N
Wwac then blocked in order to Permit a meacurement of the noicse
v
E? backaround? the arerture diameter was readiucsted! the arerture was
‘s '!
. realisned (if nececssarv)! and the twWo rPouwer measurements were
)
T rereated., The curves of fiaurez 4-8 were taken by thiz method.
B In order to verif:r that no detection artifacts were
]. miasaueradina #¢ real! erfectz: e wevriFied First the linearity of
.\ -
‘Jj the detector: and then the position sensitivity of ite hish and
e
Hﬁ 1oy Freauency respence, B inceortinz a cseries of broadband filters
ur to a neutral densitr of €. we cimulated the veduction in rPower
qq rroduced by clocsing the arerture diameter without chansines the
‘
A2
~
a2
Sa
o)
aﬁ

B O S S S e T T T e e “:‘:"*\‘:“Q*:"*'*'*{’x’Q‘Q'Q’i’*f\“=fﬂf*f*’“:‘:“:¥i‘ia
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A2 +
[
(; rati1o of lacer to <timulated power. The measured ratio remained
A
AN tithin a “raction of one standard deviation from unitv., The
e detector was alco moved from side tn cide with 2 focueced inPut to
chect that spatial variatione in ite censitivity were not
D _ . ) . . .
[ - recsponzihle For the cianpal. The came ne=ative result was obtained:

the detection system i€ linear and csencitive onl» to the rower

tran<mitted throush the analvzine irics.

1]

g,
o
l-.

Fay . R .

e Since our =o0al is to measure the derendence of the stimulated
b d
S PoOwer on the 3arperture: it ic particularly important to be cure
)

oo - . ~ =

~ that no Portion of the laser outrut mode ic ecrared o0ff at anv

roint in the optical trancprort zvetem. ‘The arerture derpendance

‘D ]
a ¢
AZA

ainlalale
b l. l.

dicarpeared when the monochromator clite were cloced down-:

l‘f.\
':Q% cCrArIng w¥¥F a portion of the focal area). Durine set-up: the
'2e)
,i}f lacser mode was centered on the trancprort mivrors: and the

&
2

monochromator slits were orenced to 2 mm to ensure that when the

»3 analvzina orerture was oren:, all of the ctimulated rPower entevred
N \1

¢

Y . . .
'ﬁn the detecrtor. hen the analvzinz zrerture was placed in ite

3N
';' Ffarthest pocition from the undwelator, no problem wae obseruved in
o rower transrort. Mhen the aperture was rplaced in its near position
o
.RI tn the undulator: and cleocsed to its minimum: the zrowth of the
i output beam due to diffraction did result in rerhars a 10% pPouer
o .

B lnes on one of the hoam tyanernrt mirrors.

"

':‘j

=
b, -\J
! The interpretation of the results demandes an accursate
' , .

N ¥nouledse of the elactron and optical beam sizecs. In an attemert to
()
)
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csimplify thp comparicson with theary, concsiderable effort was
expended to m3ke the eovternal Argson lazer run in a3 single
transverse mode. For ceries Y. thic effort was succeesful. For the
later geries, the aged lacer Plasma tube Performed less well, and
euven With an iric internal to the Arzeon lacser oscillator cloced

and oPtimized, the beam chowed siganificant hizher order mode

Fouwer.

The 1

L4

ser heam sizec uvere repeatedly meacured before and
durina serine II. The input laser mode wac meacsured with a Reticon
diode arravy with a 2% micron diode ceraration. The beam share and
the Full width at hal¥f maximum was recorded at five Positions
about the focuz: bhoth in the wertical and the horizontal
dimensiones. These measurements were fit to a Gaussian TEMgo mode
to extract the beam waist and fFocal position information. The
Fits, shown in figaure !, show moderate asreement with the data:

but cannot he uced reliabl> to mstimate the hicsher mode
intensities. The astigmatism of the Araon laser’s asvmmetric cawvity
ic arrarent? 3acs ecxpected: the wertical focus is tishter than the
horizontal: and occure czlishtly before it. Fisure 2 zhows the
trancverse profile of the intencsity at the center of the undulator
(nearly Gaussian), and 4.3 m hefore the focus: where the hisher

mode Power becomes apparent.

For the data analwveci1s: we also reauire a Knowledae of the

€120 0¥ the laser beam av the arerture, Thie information is obtained




TR Ty r_rv_r—_'.‘

. ‘\
N
-."_'.
=5
(: Ffrom the derendence of the total detected laser power on the
\':\‘
bQ diameter. I¥ the diameter ic known and the arerture ic well
(RN
. ? . . - .
‘ut 3lianed: the laser beam csize can be calculated From the reduction
of the transmitted laser pPower: under the assumption of a Gaussian
§ﬂ boam.
‘a4
i

[LAts
“!"

The electron beam csize is less well known. It is measured as

4]
,:' chown in fizurne Z. The svnchrotron radiation emitted fFrom the beam
+i
!: in the dirole maz=net 12 cm in ©ront of the center of the orptical
Ak klvgtron 1¢ imazsed ento the Reticon. The wertical and the
15
’ L} . - . .
251 horizontal heam shares are treically observed to be Gauseian: with a
2% . ) . .

*ﬁ width which varies according to the current in the rina. Thece
- dimen<sionc alco change with the tunes of the ring: co ceparate
2*‘\-

] . . .
?s§ electron beam measurements are required on each indection durinz

ﬂ tho evpariment. Mo dizxenostics are available on the beam size in
My

the center of the optical kElrvestvron. Thice i¢ an unfortunate

i

-ﬂ limitation ¢1nce the beta functions of ACO have not been meacsured
e
,oi Wwith the csexturnles in npevration. In the abcence of the tradectory

%
i errors induced b the cextupoles:. the theoretical model of the ACO
Sf ortics pPredicte that the beam cizee change by lecee than 2% and

9

f}) 5%: respectivel ¥ in the hurizontal and the wvertical rlanes: when
I‘, movinas from the electron hcam measurement pPoint to the center of

-\

¢
'« 4% . -

'\5 the OK. These numbers can also bhe taken as a rouah estimate of the
X2 . . N
39 evetematic error in the electron beam size determination.

\
-t

Due to a technical problem with the extraction mirror:, the
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€sccond <eries of
heam exitinz the
The trancemicscion

about 807 ar the

evrPerimentes was rerformed with the frobe laser
vacuum sv<tem throush the rear ocecillator mirror.
of this mirror:, a hizh reflector at B8322 A: ic¢

Argson 5145 A wavelen=th., Jt acte as a defocuecsins

lens with a fFfocal lenath of about -5.2 m. These exrerimente alco

had to he rerformed at Jow enerzay (168 MeyY) in order to avoid

damaging [11] the oscillator mirrors with the UYU =senerated in the

eprtical kElvetron.,

line? in Series T. Nd =

Seriec II, Md = 70, K

N1l measuremente were done with the 5145 A laser

.9; and ko = 610 microns.

20 K = 1,.29: and Wo = B70 microne’ in
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#* The moest Precice data scan taken in ceries I ie¢ illustrated
w2y

and comrared with theory in fizure 4. Here: the input laser beam

‘fq

u?1 is 3 pure TEMoo mnde: and the amprlified beam Prorpagsates freely for
.1'1:

*ﬂ 14.3 m before beina analvzed with the irics. The error barc can be

estimated fraom the accuracy with which the two concsecutive ccans
overlar. The solid curve it the thenretical calculation [1) bacsed
on the measured distances and beam sizes? no Fitting has been

done. The asreemert 1c evcellent.

This ig the first experiment to demonstrate the existence of
the o¥ff-diazonal terme in the 2ain matriy (trancverse mode

mixing), and e<tabliches the validity of our theoretical

underztandinz of mode mixin=2 in FELe in the weak fField limit. From

the theoretical curvn: the amrlitudes of the First few terms in

;gs the matrix are determined to he 13'73“1 = .46: and jszyaool = ,17%

%g the higher terms are less than 10%. It i¢ clear that significant
T mode mixina is ocurrina with an electron heam to laser heam csize

"\.’

ﬁq ratio of n’= 20740 = 0,96, If a lacer of moderately hiesh =ain is
)

MY

#3 nrerated with such a heam vatio: the oscillator mode will differ

ot siznificantly from a Gaussian.

AArr
2P 2

Fiaure S c<how the resultes of two series I measurements taken

[

i

a2 the =tored current decaved b a factor of 1.9 the reconance

-

Parameter was changsed by a very small amount ($x=.1) between the
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(; tuo scans. Sianificant differences are arrarent between the cshapes
‘:{ of thece curvee. The error harcs can be estimated from the

4
g
':' deviations in the high current meacsurements: for this scan: tuwo
¥
- comelete cvcles of the arerture were made.

‘l
3 .‘1

“-1.

o
':, This data demonstrates the effect of a reduction of the
: electron beam size. In ACO the trancwercse dimensions are stronaly
%
;3 derendent on the current stored in the ring becauce of the

Mgt

) multirle Toucschek effect and ion trappPina. The electron beam
o dimensions have fallen from apprroximately @ = €20 microns to 0 = 480
\:‘!

4 . . .

N microns between these two data scans, which makes the beam ratios
Y
‘qé 1’= 1.9 and 1.4, recspectivelr. The curve with the lar=zest current
. (79 ma) showe lesc sain deprescsion at small arerture then the low
.-"'1
:ﬁ: current curve: taken at 42 ma. The conclucsion is that =maller

)
..2 electron beam <izes recsult in more excitation of the hisher order

trancsvercze modes. The thape of sach curve depends on the share of
the mode 1i1ntearals, and shows some variation as the heam cize

drops.

Figure 6 cshotys a later sct of data taken after the lifetime
of the storned he3am had =ztabilized to a lar=zer value. These three
sets of pPnintz were t3aken concecutively at arpproximately the came

electron beam size (0= 420, 200, and 290 microns): but widelw

varyina resonance parameters (Y = 3.6, 3.0 ,and -2.0). wuhich
Q%é corresrnnd to the “nurth—-“rom—-the~center gain and absorption pPeaks
[
N
5 on e1ther side of the cprical klvetron spectvrum. Mo «vetomatic




R R A A

—

deviation arpears between these curves.

4

XX

This conclusion i further csupported bv 3 second typre of

measurement. For 3 =iven arerture diameter: a scan wac taken vs,.

s s

the resonance pParameter. The Peak pocsitiones were identified: and a

A :»:l ',

new scan wacs taken for another diameter. No spectral chifte or

< T,
]

chanaes 1n the share of the szPectrum were observed over a ranse of

-

iric openinas between full open and .9 on the horizontal zcale of

fisure 6.

W )0 DV RS F X

>

The theorv [1] of the mode mixina effect describes both of

thecse rhonomena. The amplitudes of the off-diazonal terms in the

S % s 22

gain matrix ‘see equation ‘7)Y of the next cection) derend an the
transverse inte=ral of the electron beam with the relevant modes.
A1}l aff-diazonal terme drer to ~ere in the large electron beam

limit, This is the behavior wverified in fiaure 5. It ic alco

a2
v -

arparent from (2) that in the low diffraction limit, the spectral

.

U

i term has separ3ated out as an independent factor. Thics impliec that
N

i the relative amplitudes and phasec of the gsain matrix are

3 independent of the reconance PAarameter. Figsure B8 supPports this

result.

In the large diffraction case: the resonance curves are
chifted with yveeprect to each othey [1Y due to the diveraence of
the modes. The amplitude of the crocs terms in the =23in therefore

depends on the diverzence of thn cource and the scattered modes.

\
e
N
-l
!
.. ]
!
‘. A
]
3 )




For our cace; the divergence of the first few modes 1s wver louw.,

co no derendance is ohseruved on the recanance rParameter.

The data of series Il were taken with the pPrimary soal of
verifving the deprendence on the dictance of the 3revrture from the
interaction region. The suidence of multirle mode input, however:
severely complicates the analvecic of the recsultes. Fisure 7 zhowe a
compPpocite of Four succeccsive measurement scans taken at a distance
of 2.88 m: only {3 cm from the outprut mivrror. The larcse
fluctuations :n the amplitude 3re cauced hy the need to realian
the arerture each time a new orenine ic zelected. It is clear that
a larmse increase in the g3in is obseruved at small arerture
epeninas: althouah vhe exact <hare of vhe curwve is not well

determined.

The solid curve is the theoretical calculation based on the
assumPtion of 3 sinzle mode inPrut with the meacsured heam
rarameters. The electron and lacer beame were further approximated
to be round althoush both were clightly elliptic: as arparent from
fiaure 1 and the data in figure 7. We belieuve the obcerued hisher
order mode rcontent of the jnput heam i< Primarily responsible for
the deviation of the theoretical curue from the experimental one,.
The larae deviation of the azin from unity at zmall arerture can
be exrlained if epouer is Precent in the hisher modes of
the input heam. Additional interferencee arpear wWith the 1nput

modes, and extra sets of stimulated modec are produced: one ¥or

‘4‘_..};‘:(‘ . %t \‘: AP W -.r\.\ e
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cach 1npPut mode. The theoretical treatment (csee the next section)

can become quite comrlex. In the abcence of doetailed

information on the inPut mode content, a caomparicon between the
theory and the 2vperiment can be succeseful only if one harpens to
choose the correct inPput mode intencitiec and phacec: and would be

of limited wvalue.

A set of data at the 14.3 m distance was also taken in series
I, and is rrecented in fisure 2. The error harec ©or this set are
comPar3able to those of the other 14.2 m data of fisures 4-6. Dur
results at this distance show 2 roushl: constant or increasins
ratio in a situation where the sinale mode theorv Predicts a 407%
reduction 3t =zmall arerture diameter. The twuo scans shown were taken

at different electran beam sjizocs: and a3a=23in chow the reduction of

the higher order terms at laraer beam size (see figure T},

The data of fFisure B were taken under the same conditions

Pl
n

those of ¥izaure 7! onl¥ the electron beam cizes are cslishtly
di1fferent. However there 1¢ a largse and significant difference
between the two sets of measuremente. ble are observing the effect
that we <et out tg <€cee: namel that the relative rhasec of the
hiaher order modes chanze as thev pProrasate throush free space. If
cur interrretation of the oriyzin of the derendence of the 3ain on
the diameter is rcorrect: a chan=2e in the dicstance at which

the aeperture is placed should shift the phase of the coefficiente of

cqauation (€). and rhanze the chape of the gain vs. 1ris curve in a

’ RN LR RNt
-




rredictable wav.

mocdes 1n the inpu

comparison with t

of fiauree 7 and

chanze 1n the sha

wnd approximatel v
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Uhfortunately, Jdue to the preczence of the higsher
t beam: we are unable to make 3 suantitative

he theorv. However, it is clear from a comparicson
2 that thiz effect s active: and even that the

re of the experimental curve haes the proeper csian

the rizht masnitude.
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MJDE MIVING THEQRY APPLIED TO THE GAIM /S APERTURE EMPERIMENT

E'leaume and Deacon (1] have identified the esguations of
motion for the evcitatien of the hisher order trancsuerce modes in
an FEL,; and goluved them in the low field case. Their pPrincipal low
fi1eld resulte are that the complex mode amplitudes C, evolve

according 1o

n

me‘ = (If G')M Ch (1}

n

The linear relationshirp between 1npPut and output mode amplitudes
holde euon 1n the hish =zain region [11: althoush the
transformation becomes difficult to caleulate. In what followe: we
restrict our evampPles to the small zain limit. In this limit: for
low dif¥ ractien: and for small beam clirpPase

parameter (ac 1n the Orsav evperiment), the elements of the =ain

mare1y 1 oare

{

dxd Cithlay) i,
jmn ?@%r(x'g)EM(x‘x)En(xt'j) e 1 e (#( :{)

Y .
}-coxv--{smv ‘ -;_Z-.;:'w;y-.s(w
L] _+ ‘_—.—-; et

5)3 \,3
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et uc arrly thece equations, following [1], to the case
"y in which the incident beam containe an arbitrary number of modes.
o The input field is

E =¢ E;e (3)

where we use the summation convention: repeated indices are

L Y

summed. The Functiong E(v:-+v}, and V%y:v) are defined in (11

as the normalized amplitude and the phase of the mode. The

ARV

o

cutput “reld is: “rom (1):

Y

A
o}

L ol

i ¢ (2
Eo s EI* E;e Jjjkck o

{.‘; LRSS B

The gsain measured in this experiment, which ic the ratio of the

stimulated power to the incident power tranemitted throush the

‘l'. .. ‘.
alals s

arerture, is. for small gsain svstems.
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tthere the 'nmtearal 1c ouer the curface of the arerture orening.
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For <implicit> of notation, let us define a nnrmalized mode

{ v ] .‘)
{'.':.

intearal

L2l

[

. o

S
()
8
m
t
~
il
=
S’

z
R
v "o *a

N M
el + = —
N M — (g)
._':‘.‘ z
\ f IS E.

-
Y
N

- . .

‘. tthich definee the elements of a Hermitian matrix T. Since the

.
LM N . .

Intearal is ouwer the surface ocut to the arerture: it ic clear that

L ,

. these Auantities depend on the diameter. Due to the different mode
-
¢\$ i
RS gtructurec- each tmn has 1te own aperture dependence, and its own
i unique phase. Substituting into (B): the =2ain bhecomes
\»

.
5
e

1\“ * *

-'-' * * * ﬂ . [
. G' - +ki3|‘!' GCe + 'hhﬂi.l' CegCy + T i Jee G0

—

..' -I— * (7)
W kiCiCh
oo
U
b Thic relation can be exprecced more compactly in matrix notation.
i
o fidoapting £ as the wvector of cempler mode amplitudes, we find the
o

-Q- compact recsult
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Phveically cpeakina: this result is not hard to understand. The

2 Sl
o

niumerator 1 the ztimulated power term. Each input mode qj produces a

) cat of stimulated modee wia the =23in matriv 3% . the vector of
o
stimulated modes is GIC>. Each ertimulated mode "heate" with
ii another mode Ck when it Passes throush the aperture! thic nther mode
1':.
{: is either an incident mode <CII or an amelified mode <CIG .
-~
N
. Each comhination nf modecs produces a nonzero contribution to the
RYAl
o transmitted rower vhen the arerture diameter is finite. This
e
vﬁi contribution i< proportional to 2 particular mode inte=aral: whose
\::
amplitude is aiven br'T;;. The measured =ain i the ratio of the
’U cstimulated eouynr to the incident rower:. and the denominator takKes
-‘~I
-"n
1% care of the effecte of the irig on the incident beam.
e
A
« T4
? To make the situation more clear, let us look at the exeplicit
...g
|
o~ sums in the casno of tun 1neput modes: "o" and "pP". ke 3ssume that
the input beam ic predominantly "o", and linearize in CF. Eauation
Q"'
.?, (2Y yeduces to
=3
<
N o0
L) J w
P~ *
% = * D4, t i G
B G = 2Rt Dimduo o) P
2 0 Tiop\Jpp~Joo) T #Mjno * 1t +om3ﬂf>-—"
N - ° Co c
'hf ~~l (]
(\4 L ] Mz o
b ]
153 T
oy )
s
.."’
] . ,
o there we have r~ationalized the denominator: and collected the
‘:
Q'w "

eff~djasonal terms in the sums.
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We note here that for sinsle mode ineput (CP = Q), thic result

reduces to that of ecauation (48) in 1], The additional terms

are
the various beatina terms of the ctimulated emission with the
inPut modes: inte=vated acroce the irics. The last term: for
¢s cxamrle, is the Product of the mth ctimulated mode (pProduced w1ia
Qf: 3“? from the pth inPut mode) and the Oth input mode: inteerated
e arrn¢e the 3aInalvzine arerture: and normalized to the inPut
F\' intencsity. It is the last three sumes which are arrarent]v
-
o ) .
) responcible for the difference between the experimental points in
AN
Yo
e Fisures 7 and 8 and the sinale inPut mode theorv of [11.
- o
ok
\"‘-
P _
}ﬁ If the electron beam is very lar=se compPared to the laser
\
--f\
ot 0 beam, the off-dizeonal terms (2) of G =20 to zevo bv the
A
A orthozonality of the modes. The diazonal terme all haue the came
Y
N . .
‘52 magnitude due to the mode normalization., Equation (8) reducec:
.r::.-,
A undey these circumetances: %o
SN
5 G =2 Pe{%oo (Flat electron beam) (10)
4
<7
e
::J tvhich means that the sain for a combination of two modes is the
‘.ﬁ_.g o . -
o same as that of one of them alone. If we redefine the cum of two
-4
St mndes 3z our new startin2 mode:- 1t is clear that an arbitrary
4ﬁ: third mode amplitude can be added wuithout chansine the recsult. It
- T . . . .
oo follows by induction that for an arbitrary combination of modes:
L\..
:ﬁl the direction of the mode vector is not chanaed b the FEL

amrlification Preocess fovr a flat heam.
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A meacsurement of the g@ain under these circumstances will show

no vayratinrn 3€ 3 function of the ftraneverse pPosition in the beam
{3s shown, (10} is inderpendent of iris diameter)!. Anv wvariation of
the gain in the transverse plane is pProof of mode mixinze. Althoush
the dat3 of figuree 7 and 3 were taken with an unknown multiple
mode inPut; the dewiation from unitr of the recults are a clear
indication of the erecsence of mode mixina. The finite beam size
allows off~-diasonal terms in (2), and thereby Produces the mode

mivine ohserved in thic experiment.
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CONMCLUSION

Thic exPperiment is the first capable of recolving an
excitation oFf the hishey order trancvercse modes in a free electron
laser, and has ectabliched the existence of off-diazonal terme in
the trancuverse =2ain matriv. The technigque we have developed is a
useful diagsnostic of the transverce mode mivine effect which is
invisible in taodayvy’c FEL oscillators due to the low =ain: but

tthich will elav 3 dominant reole in the operation of the hish =sain

devices now beina concstructed or planned.

Hish sain free electron lasers will show strons effects of
mede mivine in any svetem in which the electron and laser beam
sizes are comparable. e have demonstrated that mode mivine
effectes are tvpically larze in Free electron lasers but that thevy
have been masked in the exictine devicee by the low value of the
eain. The results of this exreriment indicate that the bacic
theorv is valid: and that it is complete in the linear reaime.
Thic experiment underlinec th importance of extendins the theory
te covey the new 2eneration of devicece which will operate in the

csaturated or the hish sain resime.
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{: F{3URE CAPTIOMS
1 ; ‘
SIS
e Figure 1
) The laser beam was measured with a Reticon diode arrav to
st
}Q determine ite mocde charactericsticz. The beam rarameter W(z) measured in
Y . . .
fQ9 Series II ic pPlotted and romrared to a TEMoo [auscian fit. The beam is
Yy
A uoll Ffocussed into the Klvystron: whocse rosition ie¢ indicated at
Lo’
LA
o the center of the horizontal axis,
R\
e W
o
A
et
CAN
ﬂﬂ Figure 2
L)
13
2onad
.’ Photoararhs of the transverce lacser profiles during series
k)
ﬂ% II, taken hr the Feticon at twe l!nngitudinal pocitions. at the
"y
“
;: center of the ortical klystron, and 4.3 m in front of it. The
L}
horizontal and the wvertical rme beam sizes are noted. In the
~
W\
-i: center of the laser interaction resion: the laser erofilec can be
p G
~
o,
;% Fit well with a Gaucscian share. Howewner: far from the focue: the
Bty e
v . . . s
) profiles acauire 3 sianificant non—-Gaucceian redestal which ic
2
fg‘ arearent in the Photo on the left (the dicscontinuity in the
'.“
Sy ) . . ,
mﬁ: wertical! Profile is an artifact caucsed by a bad dicode).
y
ke

2
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Ficure 3

g
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The electron beam measurement scheme. Svnchrotron liasht
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emitted in rthe bending masnet before the klystron is imased onto

the RPeticon.

Fiaure 4

Meacsured ratio of cstimulated Power to incident lacser Power
transmitted throuzh an analvzin=2 aperture 3c a function of its
diameter. The diameter of the arerture ic ncrmalized to the laser
boam waist parameter at the measurement Point: and the =2Rin ratic
i npermxlized to unity 3t laree arerture orening. The Points uere.
moasured on two succescsive ccansi the error bare can be ectimated by
the deviation of the roints from each other. The solid curve ics
the thooretical [1] result: weine the measured beam parameters. Wo
= 670 microne for the lacer: and ¢ = 220 microne for the electron
beam. The dashed lines show the contributions of the individual
off-diazonal rerme in the 2ain matriv: assuming that for the
rurroses of demonstration: all the cther off-diasonal terms

are zIero.

Fiaure S

The =;ain is measured as a function of the irigs diameter as in

fiaure 4. but nouw for two different clectron beam cizes. The

"

trianalecs: taken for the small electron beam cs1ze, cheow the




_—T oy T

.

3

EA

a s 3

-2,

Ly

[

'

a,

.

X

i

'

.

I}

1

\,

&

EAD - = -
r_:. 29
5
25
Y
AN)
% largect deviation from unity, and therefore the larzest excitation
0 of the hizher order modes. e evrPlained in the tevt, smaller
- .
o electron beam sizes result in larger values for the cff-dia=zenal
1.\1
tovrme in the trancverce 23in matrix. The chift in the resonance
!%-F
?ﬂ Parameter hetueen the two curuves ic inconcsequential: as chown in
NC
LN
a
.. J v
Y figure 6.
'ﬂ
\
2
Yo ,c
i Figure B
{4
1.
EQ The =ain is measured 3as a function of the iric diameter for three
..'.
\ diffarent valuas of the doetunineg parameter which correspond to
ku . . . )
e g1in and abcsorrtion reaks disrplaced by four oPptical klvetron
2]
;d frinzees {more than half of the =2ain curve) from the center. The
data all! fall alona the came curve within the error bare: and we
N
.{, conclude that the mode mixina effect doeec not derend on detunine.
.
?
4 . ‘ i
gﬁ The chanae: in the beam cize are small, and unaveoidable due to the
~ -
o
bl current decay in ACO during these me3lcsurements,
A
A
:ﬁ
A\
\?
4 .
&,
Fiau 7
' re
fv
“1
$Q
V: The =2ain 1tg measured atc a function of =rerture for a Pocitign
~Q
; clogse to the nutPut of the nptical klvstreoen. The error bars are
o< . .
oS larae here because of the ronstant realienment of the arorture
s 4
.
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% Po-i1tion. The beam cizec are listed here and in figure 1. The

CO ]

xﬁ inryt laser is operatine multimode (csee Ficure 2, The solid line
A . _ _ .

SO is the theor» for a cinz2le mode input beam? we attribute the

o

: doviation to the effects of multirple modes in the input lacer.
L

-

RN

:.'. N

Figaure B8
Two scans of the =ain ve. diameter taken far from the

- interaction re=ion under =zimilar conditions to those of fisure 7.

—
X

'?5 As was seen in figure T: the scan with the emaller electron beam
!‘.'

-;ﬁ {(the <o0lid Pointe) tshows 2 larger deniation From unitr. Thic
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